We have identified and characterized two genes in Drosophila whose products are required for activated RAS to signal with normal efficiency, but do not appear to effect signaling by activated RAF. One encodes the p subunit of type I geranylgeranyl transferase, a prenylation enzyme essential for targeting RAS to the plasma membrane. The other encodes a protein kinase that we have named kinase suppressor of ras (ksr). By genetic criteria, we show that KSR functions in multiple receptor tyrosine kinase pathways. We have isolated mammalian homologs of KSR that, together with the Drosophila gene, define a novel class of kinases. Our results suggest that KSR is a general and evolutionarily conserved component of the RAS signaling pathway that acts between RAS and RAF.
Introduction
RAS plays acrucial role in diversecellular processes, such as proliferation and differentiation, in which it functions as a nodal point transmitting signals originating from receptor tyrosine kinases (RTKs) to a variety of effector molecules (reviewed by McCormick, 1994a; van der Geer et al., 1994; Burgering and Bos, 1995) . RAS activation, which involves a switch from an inactive GDP-bound to an active GTPbound state, is promoted by a guanine nucleotide exchange factor. Upon RTK activation, the exchange factor is recruited by an SH2/SH3 domain-containing adaptor molecule to the RTK at the plasma membrane, where it can contact and activate RAS. GTP-bound RAS then transmits the signal to downstream effector molecules.
The protein serinelthreonine kinase RAF has been identified as a major effector of RAS (reviewed by Daum et al., 1994; McCormick, 1994b) . Upon RAS activation, RAF is recruited to the plasma membrane by a direct interaction with RAS, where it is subsequently activated by an unknown mechanism. RAF activation initiates an evolutionarily conserved pathway involving two other kinases, mitogen-activated protein kinase (MAPK) and MAPK kinase (MEK) , that convey signals to the nucleus through a directional series of activating phosphorylations (reviewed by Marshall, 1994) . Although this model for RAS-dependent signal transduction is well supported, there are still major *The first two authors contributed equally to this work.
issues that remain poorly understood. One of them is the mechanism by which RAF is activated. Recent evidence suggests that once recruited to the plasma membrane RAF is activated by phosphorylation (Dent and Sturgill, 1994; Dent et al., 1995) . However, a candidate kinase(s) has yet to be identified. Another unresolved issue is the nature of other RAS effecters as well as the pathways they control. Although RAF is clearly a major RAS target, it can not account for all of the cellular responses mediated by RAS (for example, see White et al., 1995) .
Ectopic expression of an activated Rasl allele, RasI"", in the developing Drosophila eye transforms nonneuronal cone cells into R7 photoreceptor cells (Fortini et al., 1992) . Similar results are obtained by expression of an activated Drosophila raf allele, raftor4@ ' (Dickson et al., 1992) . We carried out a genetic screen designed to isolate mutations that modify the signaling efficiency of RASl"" (F. D. K. et al., unpublished data) . Most mutations that decreased the signaling efficiency of RASl"" also decreased the efficiency of RAFt0r40Z1 signaling. However, two groups of mutations were iderrtified that did not alter RAF'""10Z1 signaling. In this paper, we report the characterization of their respective loci. The Suppressor of Rasl 2-2 (SR2-2) locus encodes a protein homologous to the catalytic subunit of the prenylation enzyme type I geranylgeranyl transferase. We have renamed this locus /?GGT-I. The second locus, SR3-7, encodes a novel protein kinase distantly related to RAF kinase members. Based on its sequence and the ability of mutants to reduce RASl-mediated signaling, we renamed this locus kinase suppressor of ras (ksr). In addition to its function in the Sevenless (SEV) RTK pathway, we show that ksr is also required for signaling by the Torso (TOR) RTK. We have isolated mouse and human homologs of ksr. Moreover, a similar gene in Caenorhabditis elegans has been identified in genetic screens for suppressors of activated RAS (Kornfeld et al., 1995 [this issue of Cell]; Sundaram and Han, 1995 [this issue of Cc//j). Together, these data suggest that KSR is an evolutionarily conserved component of the RAS signaling pathway. Our genetic data suggest that KSR acts between RAS and RAF.
Results and Discussion
Mutations in the SR2-2 and SR3-7 Loci Suppress the Eye Phenotype of Activated RASI but Not That of Activated RAF Ectopic expression of activated RASl (RASlVi2) under control of sevenless (sev) promoter/enhancer sequences (sev-RasI"',') transforms cone cells into R7 photoreceptor cells (Fortini et al., 1992) . These extra R7 cells disorganize the ommatidial array, which causes a roughening of the external eye surface (compare Figures 1A and 1B) . The severity of eye roughness appears proportional to the strength of RASIV1* -mediated signaling, since two copies of the transgene produce a much more disrupted eye than Residues identical to Drosophila are highlighted.
Drosophila
protein.
We therefore renamed this locus BGGT-I.
The SR3-1 Locus Encodes a Novel Protein Kinase
The ability of SR3-7 mutant alleles to suppress the sevRasIV" phenotype was meiotically mapped to 3-47.5, which corresponds to a region near the chromocenter of the third chromosome.
The map position was further refined by showing that SR3-7 meiotically maps between two P elements inserted at 82F8-10 and 83A5-6, respectively ( Figure  4 ). X-ray-induced chromosomal deletions were generated by selecting w-revertants of one of the P element insertions. One such deletion, Df(3R)e7025-74, which removes the chromosomal region from 82F8-10 to 83Al-3 ( Figure  4 ; data not shown), complemented the SRS-l-associated lethality. Taken together, these results indicated that the S??3-7 locus lies between 83Al-3, the distal breakpoint of Df(3R)e7025-74, and 83A5-6, the insertion site of P[w+]5E2. Bier et al., 1989; Berkeley Drosophila Genome Project, personal communication) and P [w+] 1025 (inserted at 82Ffi-10). The closed box below the line represents Df(3Rje702574, which is a chromosomal deletion from 82F8-10 to 83Al-3. Five overlapping cosmids (numbered I to V) correspond to a chromosome walk covering the region between 83Al-3 and 83A5-6. The closed box on cosmid III represents a 7 kb Sacll (S) genomic fragment, shown enlarged below, which can rescue the lethality associated with the ksr locus. Shown on this 7 kb fragment are two BamHl (B) fragments (thick lines) that have been sequenced and which encompass the ksr coding sequences. The noncoding sequences (open boxes) and the coding sequences (closed boxes) shown below the Sacll fragment correspond to the longest (3.6 kb) ksr cDNA. The coding region is not interrupted by introns. The approximate positions for polymorphisms associated with the S-69 and the S-57 7 alleles are indicated by arrows. The centromere is to the right.
Five overlapping cosmids (designated I through V; Figure 4) that cover this chromosomal region were recovered by chromosome walking. To identify restriction site polymorphisms that might have been induced in the SR3-7 alleles, these cosmids were used to probe genomic DNA blots prepared from nine independent X-ray-induced SR3-7 alleles. Cosmid Ill revealed polymorphisms in a BamHl restriction digest of two alleles, SR3-7s-6g and SR3-7s-517 (Figure 4 ; data not shown). No other cosmid revealed polymorphisms in the nine tested alleles. A 7 kb Sacll genomic fragment (see Figure 4 ) that spans the polymorphic BamHl fragments was introduced into the germline by P element-mediated transformation. This genomic fragment, tested in transgenic flies, rescued both the lethality and the sev-Ras7V12 suppression ability of three independent SR3-7 alleles (Figure 4 ; data not shown). A single class'of cDNAs that was totally encoded by the 7 kb genomic fragment was identified by screening a Drosophila eye-antenna1 imaginal disc cDNA library and sequenced. The longest cDNA clone represents a transcript of 3.6 kb that is close to the size of a full-length transcript, since RNA blot analysis identified a single band of similar size (data not shown). Sequence analysis of the genomic region revealed that this transcript is encoded by a single exon (Figure 4 ). Conceptual translation of the longest ORF predicts a protein of 966 amino acids ( Figure 5A ). The presence of an in-frame stop codon upstream of the predicted initiating methionine argues that this cDNA contains the complete ORF.
A search of current protein databases indicated that SR3-7 encodes a novel protein kinase. The putative catalytic domain, which is C-terminal, contains the characteristic eleven conserved subdomains found in eukaryotic kinases (Hardie and Hanks, 1995) and is preceded by a long N-terminal region with three distinctive features ( Figure  5 ): a cysteine-rich domain similar to those found in protein kinaseCisozymes (Hubbardet al., 1991) and RAFkinases (Bruder et al., 1992) ; four sequences that match the consensus phosphorylation site (PXSPTP) for MAPK (Marshall, 1994 ); a block of amino acids rich in serines and threonines that resembles the sequence around the conserved region 2 (CR2) domain of RAF kinases (Heidecker et al., 1992) . Since the SR3-7 locus encodes a putative protein kinase and mutant alleles were isolated as suppressors of sev-RasIVT2, we renamed this locus kinase suppressor of ras (ksr).
Further confirmation that this gene corresponds to the ksr (SR3-7) locus was provided by sequencing three ksr alleles that revealed mutationsdisrupting the ksrORF (Figure 5A) . The ksP-638 gene product has two single amino acids changes: Ala-696 to Val and Ala-703 to Thr. The latter substitution alters a highly conserved residue within kinase subdomain II (Hanks et al., 1988) . ksP2 contains a 10 bp insertion in the codon for Asn-727 within kinase subdomain Ill creating aframeshift mutation that truncates the protein at kinase subdomain Ill. ksrS+@ has a 4 bp substitution that changes two consecutive amino acids in the N-terminus of the protein: Leu-50 and Argdl to Gly and Ser, respectively. Unlike the 16 alleles recovered in the screen that were recessive lethal, ksrs-548 produces subviable flies that have rough eyes (see below), suggesting that it is a weak loss-of-function mutation.
Identification
of KSR Homologs in Other Species Defines a Novel Class of Kinases Related to RAF Kinases As a first attempt to determine functionally important domains that comprise the KSR kinase, we searched for homologs from other species. First, we isolated the complete coding region of ksrfrom a Drosophila virilis genomic library by low stringency hybridization (see Experimental Procedures). The D. virilis genomic sequence revealed a single uninterrupted ORF predicting a protein of 1003 amino acids ( Figure 5A ). The D. virilisand D. melanogaster KSR proteins are 96% identical within the kinase domain, while the N-terminal region is more divergent (69% identity), although islands of high conservation are present (see Figure 5A) .
A search of translated nucleotide databases (using the TBLASTN program; Altschul et al., 1990 ) identified a partial ORF derived from a mouse DNA sequence with significant blocks of similarity to the N-terminus of KSR. This sequence, named hb, had been isolated by Nehls et al.
(GenBank accession number X81634) as part of an exontrapping strategy to establish the transcription map of a 1 Mb region around the mouse NF7 locus. To determine whether the full-length hb transcript also contains a kinase domain related to KSR, we screened a cDNA library derived from a mouse PCC4 teratocarcinoma cell line with a probe corresponding to the hb sequence (see Experimental Procedures). A 4 kb cDNA clone was isolated and encodes a protein of 873 amino acids that contains a kinase domain highly related to the KSR kinase domain S-638 is an EMS-induced allele that has two separate point mutations changing a GCC codon to GTC and GCG codon to ACG. S-727 is a frameshift mutation due to a 10 bp duplication from adjacent sequences within the codon for Asn-727. Also shown in the alignment are the conceptual translations of the open reading frames for the potential ksr genes from other species: the D. virilis (Dv) KSR sequence was derived from genomic DNA and mKSR1 from a 4 kb cDNA. Since the human cDNA did not contain the entire ORF, this amino acid sequence (hKSR1) has not been numbered. The amino acid sequences (and their respective positions) for the cysteine-rich regions and the kinase domains of Drosophila RAF (DRaf) and human c-RAF (Genbank accession numbers X07181 and X03484, respectively) are presented.
Residues identical to D. melanogaster KSR are highlighted. In the N-terminus of the KSR kinases four conserved areas (CA1 to CA4) are boxed. CA1 is a novel domain present only in the KSR kinases; the partial human sequence does not extend to the anticipated position of this domain. CA2 is a proline-rich stretch that may represent an SH3-binding site (Alexandropoulos et al., 1995) . CA3 is a cysteine-rich stretch found in multiple signaling molecules.
This conserved sequence is also part of the CR1 domain found in RAF kinases @ruder et al., 1992). CA4 is a long serinenhreonine-rich stretch followed by a conserved motif (FXFPXXSIT; indicated by a dashed line). This domain resembles the region around the CR2 domain of RAF kinases (Heidecker et al., 1992 (51% identity, 74% similarity; Figure 5A ). In addition, a human fetal brain cDNA library was screened at low stringency with the same hb probe (see Experimental Procedures). We purified and sequenced 13 independent cDNA clones. They represent partial transcripts ranging in size from 0.6 to 3 kb. Interestingly, they define at least three classes of N-terminal splicing variants (data not shown). The predicted protein sequence derived from a human cDNA clone that contains a complete kinase domain is shown in Figure 5A . With the exception of the first divergent 23 amino acids, which probably represents an alternative exon, human KSRl (hKSR1) is nearly identical to mouse KSRl (mKSR1; 95% identity, 99% similarity). Subsequent to this analysis, two human expressed sequence tags (GenBank accession numbers R27352 and R27353) have been reported that correspond to regions of the hKSR kinase domain (data not shown).
Comparison of mammalian and Drosophila KSR sequences showed similarity throughout the kinase domain as well as at various locations within the N-terminal region ( Figure 5A ). Sequence conservation is obvious within all subdomains of the kinase domain. Two interesting featuresarepresentwithinsubdomainsVlbandVIII.
HRDL(W R/A)XXN (D and N are invariant residues) is the consensus sequence corresponding to su bdomain Vlb for the majority of known kinases (Hardie and Hanks, 1995) . Instead of an arginine at the second position, a lysine is present for the KSR homologs, which distinguishes them from most other kinases. In addition, the amino acids N-terminal to the APE motif in subdomain VIII, which have been implicated in substrate recognition specificity (Hardie and Hanks, 1995) , are well conserved between the KSR kinases of different species, but differ from those of all other kinases. One peculiarity is found in subdomain II of the two mammalian proteins. Thissubdomain has an invariant lysine residue involved in the phosphotransfer reaction that is conserved in all kinases identified thus far (Hardie and Hanks, 1995); however, both mammalian sequences have an arginine at this position ( Figure 5A ). It has been shown that mutagenesis of this lysine residue to any other residue, including arginine, abolishes catalytic function in several kinases (Hanks et al., 1988) . However, the sequence conservation between the mouse and the human kinase domains argues strongly that these enzymes are functional.
Subdomains Vlb and VIII also contain conserved residues that often correlate with hydroxy amino acid recognition (Hanks et al., 1988) . For instance, HRDLKXXN (Vlb) and TISXXYIF (VIII) motifs are indicative of serine/threonine kinases, while HRDLRlAXAlRN (Vlb) and PXXW (VIII) motifs are associated with tyrosine kinases. Based solely on these conserved residues, it is not clear to which class KSR kinases belong ( Figure 5A ). Indeed, for subdomain Vlb, the Drosophila sequences have an arginine residue at the critical position (like a tyrosine kinase), while the two mammalian sequences have a lysine residue (like a serine/threonine kinase). The subdomain VIII motif for all the KSR members is WXXY, which differs from that found in all other kinases.
In the N-terminal region, four conserved areas (CA1 to CA4) can be recognized ( Figures 5A and 58 ). CA1 is a stretch of 40 amino acids located at the very N-terminus of KSR kinases and has no equivalent in the database. Its conservation and the identification of a mutation in it (k~r"~~8) argue that it has a functional role. CA2 is aprolinerich stretch followed by basic residues that may correspond to a class II SH3 domain-binding site (PXXPXRIK; Alexandropoulos et al., 1995) , although the two fly sequences diverge from the consensus by one amino acid. CA3 is a cysteine-rich domain similar to the one found in other signaling molecules, such as the CR1 domain of RAF. Finally, CA4 is rich in serines and threonines and also contains a MAPK consensus phosphorylation site. A search of current databases indicated that the RAF kinase members are the closest relatives to the KSR kinases based on sequence similarity within the kinase domain (e.g., 42% identity, 61% similarity between the D. melanogaster KSR and RAF kinase domains) and shared structural features in the N-terminal region (Figures 5A and 5B). Both the RAF and KSR kinases have a related C-terminal 300 amino acid kinase domain, named CA5 and CR3, respectively. In addition, they both have a long N-terminal region that contains a cysteine-rich stretch followed by a serinelthreonine-rich region, named CA3 and CA4 for KSR kinases and CR1 and CR2 for RAF kinases (Figure 58 ). KSR and RAF kinases also have distinctive features. For instance, the CA1 and CA2 regions found in KSR kinases are absent from RAF kinases. The RAS-binding domain (RBD) found in the CR1 domain of RAF kinases (Nassar et al., 1995) is absent from KSR kinases, which suggests that they are regulated differently. Moreover, interaction assays using the yeast twohybrid system or bacterially expressed fusion proteins did not detect any interaction between RASl and KSR, while similar experiments detected an interaction between RASl and the CR1 domain of RAF (data not shown). Finally, amino acids in kinase subdomain VIII, which are important for substrate recognition, are not conserved between KSR and RAF kinases, suggesting that these kinases have different targets. This is supported by the observation that KSR failed to interact with SORl (Drosophila MEK) in a yeast two-hybrid assay, whereas RAF and SORl interacted strongly (data not shown).
KSR Functions in Multiple RTK Pathways
Recent evidence suggests that RTKs use a similar set of proteins to transduce their signals to the nucleus (see Introduction). Several lines of genetic evidence suggest that the KSR kinase corresponds to a novel component of this widely used signal transduction pathway. For instance, adult flies homozygous for the subviable allele ksP@ have rough eyes in which ommatidia are missing both outer (Rl -R6) and R7 photoreceptor cells (data not shown). This suggests that, like Rasl (Simon et al., 1991) , ksr has a broader role than just specification of the R7 cell fate. Using the FLPlFRT system (Xu and Rubin, 1993), we did not recover homozygous mutant tissue for the strong allele ksP-638, which suggests that KSR is required Cuticle phenotypes are shown for wild-type (A) and ksPz (6) embryos. In situ hybridization patterns of f// and hkb are shown for wild-type (C and E, respectively) and for ksP638 (D and F, respectively) embryos. Two examples of the cuticle phenotypes of ksrS-638 embryos injected at their posterior poles with RNA encoding activated RAF are shown in (G) and (H). Note the extension of the posterior terminal structures beyond A7 and the appearance of filzkijrper (Fk), which are missing in nonrescued ksP638 embryos (B). All embryos derived from germlines homozygous for ksP63B received a wildtype copy of the ksrgene from the father. Anterior is to the left, and dorsal is up.
for cell proliferation or survival. In addition, except for the ksF8 allele, all ksr alleles are recessive lethal, and in most cases, they die as third instar larvae and lack imaginal discs (data not shown).
This phenotype is often seen with mutations in genes required for cell proliferation (Gatti and Baker, 1989 Concluding Remarks KSR encodes a novel protein kinase required for RAS signal transduction. Our results indicate that ksrfunctions either upstream or in parallel to raf, but not downstream of raf. The results with myristylated RASlVi2 exclude the possibility that KSR is involved in localization of RASl to the plasma membrane. Three models that are formally consistent with our genetic data are diagrammed in Figure  7 . Biochemical experiments in which the substrates for KSR are identified will be required, in conjunction with additional genetic data, to distinguish these models definitively. Nonetheless, it is instructive to consider how the available genetic data relate to each model.
In model 1, KSR acts between RASl and RAF. Both the genetic interactions with RASI and RAF. and the strength of the embryonic phenotype (see below) are consistent with this linear arrangement. Mechanistically, KSR may activate RAF directly (or indirectly) by phosphorylation, upon recruitment of RAF to the membrane by RASl. This is the simplest interpretation of our data. Although we cannot rule out models 2 and 3, they each require additional assumptions, asdescribed below, to be tenable.
Model 2 postulates KSR is a RASl-independent activator of RAF. The existence of such a factor has been suggested by Hou et al. (1995) . These authors presented data arguing that RAF receives some activating signals from the TOR RTK in the absence of RASl activity. Their interpretation was based on the comparison of the defects observed at the embryonic termini due to null mutations in tar, raf, or Rasl. They noticed that araf null allele produced a phenotype as severe as a for null allele, while a Rasl null mutation produced milder terminal defects. Since the phenotypes of both rafand Rasl mutants were not similar, they concluded that RAF probably receives additional, TOR RTK-dependent, positive inputs independent of RASl activation. Our data is consistent with KSR being a component of such an alternative RAF-activating pathway. However, the resemblance of the ksP-638 embryonic phenotype to the raf null embryonic phenotype suggests that KSR might be fully responsible for RAF activation. Thus, the phenotype we observe is more consistent with a model in which KSR integrates both RASl-dependent and independent pathways required to activate RAF. This interpretation, however, depends on the assumption that ksP3* is not a dominant negative allele. Although, the ksrS-638 allele carries a mutation in a highly conserved amino acid in the kinase domain that is expected to abolish kinase activity, we cannot rule out the possibility that the mutant protein sequesters other components of the pathway, thereby producing a more severe phenotype. To address this concern, characterization of other ksr alleles is in progress.
Model 3 proposes that KSR is a RASl effector and acts in parallel to RAF. Other RAS effecters have been predicted (White et al., 1995) and since KSR is related in sequence to RAF, it is possible that it functions analogously. RAF is part of the so-called MAPK cascade that includes two additional kinases, MEK and MAPK (see Introduction). Since related MEKs and MAPKs that perform similar roles in distinct pathways have recently been identified (Cano and Mahadevan, 1995) , it is possible that, like RAF, KSR functions as a MEK kinase. The strength of the ksP638 and raf embryonic phenotypes, however, suggests that the activity of both kinases is required for TOR signaling. Moreover, activated RAF can bypass the need for KSR, making it difficult to reconcile these observations with a parallel effector model. However, it remains formally possible that the activated RAF construct used to rescue the ksP638 phenotype did so because RAF is activated to nonphysiological levels and was able to override the normal requirement for a parallel KSR pathway.
Given its expression in multiple cell types throughout embryogenesis, its requirement for cell proliferation, and its involvement in two independent RTK pathways, KSR is likely to be a general component of RTK-dependent signal transduction pathways. A genetic screen in C. elegans designed to isolate mutations that suppress a multivulva phenotype caused by an activating RAS mutation allowed two groups to identify independently a gene, ksr-7, that encodes a kinase similar to KSR (Kornfeld et al., 1995; Sundaram and Han, 1995) . KSR-1 is probably the C. elegans homolog of D. melanogaster KSR, although it is the most divergent among the known KSR family members (41% identity, 61% similarity with D. melanogaster KSR kinase domain). The identification of a KSR family member as a positively acting component of RASdependent pathways in both Drosophila and C. elegans, as well as our isolation of mammalian KSR homologs, argues very strongly (see Sidow and Thomas, 1994) in favor of a general and evolutionarily conserved role for this class of kinases in RAS signaling.
Experimental Procedures
Genetics Fly culture and crosses were performed according to standard procedures. The screen for dominant modifiers of sev-Ras7Y'2 is described in detail by F. D. K. et al. (submitted) .
Glonal analysis in the eye was performed on the ksP-638 allele (the strongest suppressor of sevRasly'z among the ksr alleles) using the FLPlFRT system (Xu and Rubin, 1993) . ksF8 germline clones were generated as described by Hou et al. (1995) . Cuticle preparation of embryos was performed as described by Belvin et al. (1995) . In situ hybridization was performed according to Dougan and DiNardo (1992) using digoxigenin-labeled RNA probes. Injection of embryos was performed as described by Anderson and Ntisslein-Volhard (1984) . An in vitro trancription kit (Promega) was used to synthesize activated raf RNA from the rafm'40zi DNA template (Dickson et al., 1992) . Histology Scanning electron microscopy was performed as described by Kimmel et al. (1990) . Fixation and sectioning of adult eyes were performed as described by Tomlinson and Ready (1987) .
Isolation of Genomic DNA and cDNAs for PGGT-I and ksr The flGG%/ locus was recovered from a chromosome walk initiated by screening a cosmid library (Tamkun et al., 1992 ) with a genomic fragment flanking a P element [/(2)057741 inserted at 2564-6 (Karpen and Spradling, 1992; Berkeley Drosophila Genome Project, personal communication).
A 1.7 kb Spel-Sphl genomic fragment spanning the S-2726 allele inversion breakpoint was used to screen a Drosophila eye-antenna1 imaginal disc cDNA library in hgtl0 (A. Cowman, unpublished data). We isolated 16 related cDNA clones from -700,000 pfu screened.
The ksr gene was isolated from a chromosome walk (see Figure  5 ). Genomic blot analysis of X-ray-induced ksr alleles was performed according to standard procedures (Sambrook et al., 1989) . The 2.9 kb and 2.2 kb BamHl fragments from cosmid Ill identified polymorphisms in the S-69 and S-57 7 alleles, respectively.
A 7 kb EcoRl gsnomic fragment encompassing all of the 2.9 kb BamHl fragment and part of the 2.2 kb BamHl fragment was used along with the 2.2 kb EamHl fragment to screen -700,000
pfu from a Drosophila eye-antennal imaginal disc cDNA library in lgtl0 (A. Cowman, unpublished data). We isolated and characterized 7 related cDNA clones by sequencing.
Isolation
of KSR Homologs A D. virilis genomic library (gift of J. Tamkun and M. Scott) was screened at reduced stringency using the D. melanogaster KSR kinase domain as a probe. In brief, filters were hybridized in 5 x SSCP, 10 x Denhart, 0.1% SDS, 200 wglml sonicated salmon sperm DNA at 42% for 12 hr, rinsed several times at room temperature, and washed twice for 2hr at 50% in 1 x SSC, 0.1% SDS. We identified 12 genomic clones; 1 was purified and analyzed by sequencing.
A DNA fragment corresponding to the hb DNA sequence was prepared by PCR from a mouse brain cDNA library and used as a probe to screen a mouse PCC4 teratocarcinoma cDNA library (Stratagene). One full-length cDNA clone, named mKSRI, was obtained from 1 x IO6 pfu screened.
Using the mKSR1 kinase domain as a probe, 1 x 1 O6 pfu of a human fetal brain cDNA library (Clontech) was hybridized at reduced stringency (see above). We isolated and characterized 13 related cDNA clones by sequencing.
They all represent partial transcripts, and only one of them, named hKSR1, has a complete kinase domain.
DNA Sequencing DNA sequences were performed by the dideoxy chain termination procedure (Sanger et al., 1977) using the automated laser fluorescence (ALF) system (Pharmacia).
Templates were prepared by sonicating plasmid DNA and inserting the sonicated DNA into the Ml3mplO vector. The entire coding regions of PGGT-I and ksrcDNAs from each species were sequenced on both strands as well as the genomic regions that correspond to the BGGT-7 and D. melanogaster ksr loci ( Figures 3A and 4 
